Many studies have shown the prognostic value of angiographic data, but few have examined quantitative parameters of wail motion and shape or coronary stenosis severity. To determine whether these parameters have prognostic importance, baseline angiograms of 283 patients with up to 11.2 years (mean 8.3) of follow-up were quantitated. Event-free survival curves were constructed using log-rank testing. These indexes were also considered in 2 predictive models (Cox regression models): 1 with ("clinical") and 1 without ("quantitative") subjective angiographic analysis and clinical information.
Many studies have shown the prognostic value of angiographic data, but few have examined quantitative parameters of wail motion and shape or coronary stenosis severity. To determine whether these parameters have prognostic importance, baseline angiograms of 283 patients with up to 11.2 years (mean 8.3) of follow-up were quantitated. Event-free survival curves were constructed using log-rank testing. These indexes were also considered in 2 predictive models (Cox regression models): 1 with ("clinical") and 1 without ("quantitative") subjective angiographic analysis and clinical information.
Regional shape (anterior and inferior wails) and motion (anterior wail only) indexes were predictive of event-free survival when considered singly. But these parameters were not of independent prognostic importance in the regression models. The most important independent parameters in the quantitative model for predicting overall cardiac mortality or an initial lethal cardiac event were the ejection fraction and the percent diameter narrowing of each major coronary artery. Myocardiai infarction was predicted by the percent diameter stenosis of the left main and left anterior descending arteries but not the ejection fraction. in the clinical model, the factors of overriding prognostic importance were the ejection fraction and the subjective determination of the number of vessels involved with "significant" stenoses. Quantitative coronary arteriography still contributed independent prognostic value. Thus, quantification of the ejection fraction and severity of coronary lesions were of independent, prognostic importance, whereas indexes of regional function and shape were not.
(Am J Cardioi 1992;69:1022-1027)
T he need for quantitative and reproducible measurements of global and regional ventricular function and coronary lesion severity is unquestioned in research arenas because visual estimates are highly variable. ' Although numerous articles have demonstrated the prognostic importance of a quantitative measure of the ejection fraction as well as some subjectively determined measures of wall motion and stenosis severity,2-* l none have determined whether quantitative methods for assessing stenosis severity, wall motion or wall shape have independent prognostic importance. Thus, we set out to determine the prognostic importance of quantitative measures of regional wall motion, wall shape and percent diameter stenosis measurements.
METHODS
Cineangiograms of 296 patients were randomly selected by investigators at the Montreal Heart Institute from studies of 3,566 patients in the Coronary Artery Surgery Study (CASS) Registry.t2 Some patients had follow-up data up to 11.2 years (mean follow-up 8.3 years in the entire group). Clinical information was collated on patient characteristics (sex, age, prior myocardial infarction, bypass surgery or angioplasty, number of diseased vessels, location of stenoses). The number of diseased vessels was determined by the original CASS investigators who considered disease to be present when a visually apparent stenosis estimated to be 150% was detected.
Cineangiograms were delivered to the Ann Arbor Veterans Administration Medical Center for quantitative analysis using previously developed and validated methods. Cineangiograms were displayed on a Vanguard XR15 Projector interfaced via a video chain to an ADAC 4100C Digital Image Processing Computer (Milpitas, California). Poorly opacified left ventriculograms or studies lacking a non-postectopic beat were excluded from ventricular analysis (13 cases). The largest (end-diastolic) and smallest (end-systolic) ventricular images in the right anterior oblique projection were traced and digitized in a 256 X 256 matrix and stored. Global ejection fraction was measured using the arealength method.13 Volumes were not measured due to absence of routinely available calibration grids.
Regional wall motion was calculated using the centerline method developed at the University of Washington and previously described in detail.14 Briefly, a centerline is drawn midway between the end-diastolic and end-systolic outlines, 100 chords are determined perpendicular to this line and the resultant chord lengths are expressed as a fraction of the end-diastolic silhouette length. These values are then normalized by comparison to regional fractional shortening results of a normal population and expressed in standard deviations per chord, averaged over the anterior and inferior regions.
Similarly, regional ventricular shape was measured using a previously described and validated method developed at the University of Michigan.i5 Briefly, this method calculates the curvature at 100 points along the end-systolic silhouette. Low curvature values denote relatively straight or gently curving regions and high curvature values denote very curved areas such as is seen at the apex of a ventricular silhouette. The outward bulging of wall motion abnormalities and aneurysms causes an abnormal increase in curvature. In a fashion similar to the wall motion assessment, these curvature values are normalized by comparison to normal shape parameters of a normal population. The regional shape indexes are then reported in standard deviations per point, averaged over the anterior and inferior regions. The optimal threshold values for optimizing sensitivity and specificity of these 2 regional analysis programs have been previously determined at the University of Michigan.ls Op timal concordance between visual and quantitative analysis of wall motion was achieved by using a critical value of -1.1 standard deviations/chord to distinguish between normal or abnormal motion. For shape abnormalities, the critical value was -0.4 standard deviations/point. Therefore, all wall motion and shape results were normalized by these previously determined values so that the numerical results could be more easily compared. The wall motion and wall shape parameters are, therefore, reported in "critical value" units.
The most severe focal lesion in each involved vascular territory designated by the CASS investigators was subjected to quantitative analysis using a previously described and validated method developed at the University of Michigan. I6 The projection showing the lesion in its most severe perspective and without overlapping side branches was digitized, stored and analyzed. Briefly, the arterial segment and lesion of interest were digitized using 2.4:1 optical magnification into a 5 12 X 512 image matrix and then magnified X2 by bilinear interpolation. Density profiles perpendicular to a centerline along the longitudinal axis of the segment were analyzed to determine the first and second derivatives of the density profiles. Initial edge points were selected at 75% of the distance between the second and first derivative locations (i.e., weighted toward the location of the first derivative). These points were automatically examined for spatial continuity. Points that were not within a 4 pixel distance of neighboring edge points were eliminated automatically and replaced by interpolating between edge points on either side of the eliminated point. After this automated process, manual editing of the edge was performed when necessary to ensure accurate contour detection. Percent diameter stenosis was calculated by comparing the minimal diameter to the average diameter of a normal, proximal segment. Normal and occluded vessels were designated as having 0 and 100% diameter stenoses respectively. Absolute measures of lumen size were not recorded owing to lack of information about angiographic catheter size.
Over the term of follow-up, the following complications were recorded: unstable angina, myocardial infarc- Continuous data presented as mean I standard deviatm.
tion, congestive heart failure, arrhythmias, syncope, cardiogenic shock, peripheral emboli, stroke and death as well as the cause of death, and need for bypass surgery or angioplasty. Kaplan-Meier event-free curves were calculated for groups with ejection fractions below 55 and 155%, anterior and inferior shape or wall motion indexes S-2 and >-2 critical values, and percent diameter stenosis of <70 and 270% of the left anterior descending, circumflex and right coronary vascular distributions.17 Bonferroni adjusted log-rank tests were used to determine the time at which differences in event-free survival curves occurred.'* A Cox regression model was used to determine independent predictors of adverse events.rg Two specific models were tested. The first, termed the "quantitative model" incorporated only quantitative parameters of ejection fraction, wall motion, wall shape and stenosis severity. The second, termed the "clinical model" incorporated the quantitative parameters as well as the following clinical information: sex, age, prior infarction, number of significantly stenotic vessels by visual analysis (zero, l-, 2-or 3-vessel disease) or the presence of a stenosis considered to be 250% by visual analysis of the left main, left anterior descending, circumflex or right coronary arteries. These models were tested for the prediction of cardiac death at any time during follow-up. In a separate analysis we determined predictors of an initial major cardiac event causing death, and an initial fatal or nonfatal myocardial infarction. In this analysis, we considered the occurrence of arrhythmias, heart failure and unstable angina as adverse events that were likely to have initiated therapies with the potential of altering the patients' prognosis. Similarly, the occurrence of bypass surgery or angioplasty was considered an adverse event because these therapies may have altered subsequent long-term survival or the occurrence of subsequent events, or both. These patients were therefore excluded in the analysis of an initial major cardiac event causing death, and an initial fatal or nonfatal myocardial infarction to avoid the potential confound-I summarizes characteristics of the study group. At ening effects of therapy.
try, ages ranged from 30 to 68 years, and ejection fractions ranged between 6 and 80%. When visually identi-RESULTS lied and quantitated, the least severe left main, left anClb~icd chuaetwistiesr Of the original 296 studies, terior descending, circumflex and right coronary lesions complete angiographic data were obtained in 283. YEARS event was the onset of unstable angina in 63 patients (85 occurrences) followed by bypass surgery in 74 patients (77 occurrences) and myocardial infarction in 53 (73 occurrences). Congestive heart failure events were documented 44 times. Sudden death occurred in 25 patients. Significant arrhythmias excluding ventricular tachycardia were noted on 14 occasions and there were 5 episodes of ventricular tachycardia. Cardiogenic shock was noted 13 times. A single percutaneous coronary angioplasty reflects the emergence of the technique after the time of patient enrollment and during the course of the follow-up. In addition to the 25 sudden deaths, there were 19 fatal myocardial infarctions (14 of which were the initial event after angiography), 7 deaths due to congestive heart failure, 6 deaths ascribed to cardiogenic shock and 2 ascribed to ventricular tachycardia. Stroke accounted for 7 deaths. In 18 cases the cause of death was not specified.
Event-free survival curves were constructed for the quantitative indexes and are demonstrated in Figures 1  and 2 . The event-free survival curves were significantly different with respect to each of the quantitative parameters except in the case of inferior wall motion, and percent diameter stenosis of the right coronary artery. Significant overall differences in the event-free survival curves (p CO.02) between patients with and without a normal ejection fraction (155%) were found, but these curves were not significantly different at any specific time point during the follow-up period. The curves based on anterior wall motion were also significantly different (p <0.003) and, in contrast to the ejection fraction curves, diverged significantly from the fourth year to the end of the follow-up period. Anterior shape abnormalities were also associated with a worse, overall event-free survival (p <0.004) and the curves were specifically divergent from the third year on. Inferior wall shape abnormalities also imparted a worse, overall event-free survival (p <0.007), but the curves did not diverge significantly at any specific time except at the end of the follow-up period. Patients with left anterior descending territory stenoses that were <70% had a better event-free survival than those with more severe stenoses (p <0.002). These curves diverged significantly from the fourth year on, except in year 6 when the curves did not quite reach statistically significant differences. Patients with stenoses of the circumflex that were <70% also had a better event-free survival (p <0.03), but these curves were not statistically divergent at any specific time point. There were 59 cardiac deaths occurring during the entire follow-up period, and 37 of these deaths were in fact the initial cardiac event during follow-up. Myocardial infarction was the initial significant cardiac event during follow-up in 42 cases and 14 of these were fatal. In the "quantitative" model (Table  III) , the ejection fraction was of overriding importance in predicting overall cardiac death and an initial, lethal cardiac event. However, all of the quantitative percent diameter stenosis variables were also independently predictive. In contrast, none of the wall function indexes was predictive. Myocardial infarction was predicted by the percent diameter stenosis of left main and left anterior descending lesions but not the ejection fraction. Results of the "clinical" predictive model demonstrated the overriding importance of the quantitated ejection fraction in predicting overall cardiac death (coefficient = 3.08, p <O.OOOOl), followed by the number of vessels diseased (coefficient = 2.03, p <O.OOOl) and the patients' age (coefficient = 1.05, p <0.009). An initial, lethal cardiac event was predicted, in order of importance, by the ejection fraction, the number of vessels diseased and the quantitative percent diameter stenosis of the left anterior descending artery (coefficients = 2.78, 2.16, 1.69, p <O.OOOOl, 0.0006, 0.05, respectively). Myocardial infarction was predicted by both the qualitative presence of a significant stenosis in the left anterior descending artery (coefficient = 3.88, p <0.002) and the quantitative percent diameter stenosis of the left main artery (coefficient = 3.79, p <O.OS).
DISCUSSION
Many prior analyses have shown the prognostic importance of the quantitative ejection fraction, but the purported value or lack of value of other parameters of regional function and stenosis severity were uniformly based on qualitative assessments.3-12 This study was motivated by a desire to put into perspective several of the currently available quantification methods that are applied to cineangiograms and to determine whether such parameters have prognostic power. We assessed this in a population with well-defined, long term, clinical follow-up. Our a priori expectation was that sophisticated parameters of ventricular function and shape would be of overriding clinical importance and that quantitative coronary arteriography would provide little, if any, prognostic power. But the results were quite different, In general, the simple ejection fraction remained the prime determinant of most cardiac syndromes, and sophisticated measures of regional wall motion and shape were not of independent prognostic value. Surprisingly, quantitative coronary arteriography was of independent prognostic value in both the clinical and quantitative regression models.
Groups dichotomized with respect to most quantitative parameters showed significant differences in eventfree survival over the decade of follow-up. Exceptions occurred in the case of percent diameter stenosis of the right coronary artery and inferior wall motion. The most highly divergent curves were associated with anterior shape analysis, anterior wall motion analysis and percent diameter stenosis of the left anterior descending coronary artery territory.
The Cox regression models, however, serve to put these univariate results into perspective by demonstrating the overriding importance of the ejection fraction.5-'0v20 Despite this, other factors were also of independent, prognostic importance. These were generally not related to more detailed or sophisticated measures of regional function or shape and this is almost certainly because these parameters are highly correlated with the less complex ejection fraction calculation. Instead, the quantitative measures of percent diameter stenosis, especially of the left anterior descending coronary bed or the left main coronary artery were the parameters that contributed additional and independent prognostic value. This was particularly the case when considering initial, lethal cardiac events or myocardial infarction.
A recent study has made the provocative observation that severe lesions are often not the sites of subsequent occlusion and causation of myocardial infarctions.*' Others have shown an association between lesion severity and infarction.** The current study suggests that over a long follow-up period, the quantitative severity of coronary lesions, especially of the left main or left anterior descending artery, is indeed predictive of infarction. Whether these severe lesions are actually the sites of occlusion leading to infarction cannot be established from the current study because follow-up angiograms were not available. One can only conclude that the presence of severe lesions portends a higher risk of subsequent infarction.
Regional function and shape indexes are often used in studies of thrombolysis. These studies often focus on segmental effects and minimize attention to either arteriographic findings or overall ejection fraction measurements. However, because these parameters were eliminated in both the clinical and quantitative models, one must question the use of isolated measures of wall function as surrogate end points in many clinical trials. Our results suggest that these parameters should not be evaluated separately from the quantitative coronary arteriographic results and that the overall ejection fraction results in such studies should never be deemphasized. 23 The clinical model was chosen because it approximates the cognitive aspects of clinical decision making that take into account many factors influencing the interpretation of test results.24 Thus, this model included patient age, sex, the presence of prior infarction and subjective assessments of the number of vessels with "significant" stenoses, and their location, These are not the only factors and perhaps not even the main factors that a practicing cardiologist would use to make an overall clinical assessment of risk or a clinical decision regarding therapy. For example, results of exercise testing and especially functional radionuclide studies commonly sway clinical decisions, and such results were not incorporated into this study. In this context, although the ejection fraction and the number of diseased vessels are the most consistent and important determinants of adverse clinical outcomes, quantitative coronary arteriography was of independent, prognostic power, whereas wall motion and shape analyses were not.
The percent diameter stenosis parameter, even measured meticulously, has been roundly criticized in recent years based on (1) recognition of the diffuse nature of atherosclerosis and the resultant difficulty in selecting normal reference diameters25; (2) the fact that such measurements do not take into account other important morphologic features such as length or entrance and exit angles26; (3) the realization that many stenoses are eccentric and cannot be accurately represented by a single plane measurement25; (4) the new knowledge that remodeling and dilatation of vessels occurs in response to atherosclerosis27; and (5) the imprecise relation between this parameter and other directly measured indexes of functional stenosis severity.28*29 Whereas all of these arguments are cogent, this study suggests that percent diameter stenosis, much like the ejection fraction with its well-recognized limitations, is still of tremendous prognostic importance and is an appropriate parameter upon which to base routine clinical judgments. 24 Much greater experience and long-term followup analyses, such as the one presented in this study, will need to be undertaken with the alternative proposed indexes of stenosis severity before replacing the simple quantification of percent diameter stenosis.
This study should not be interpreted to imply any potential "superiority" of quantitative arteriography over subjective stenosis assessment. However, neither should the visual assessment of presence and severity of stenoses by the original CASS investigators be equated with the more casual day-to-day assessments used in practice. Nevertheless, because only the quantitative methods are associated with a high degree of reproducibility, and because these parameters have now been shown by this study to have prognostic importance, one may conclude that such quantitative measures would be suitable not solely for research purposes, but also for clinical decision-making if the indexes could be obtained expeditiously and within practical constraints. This study therefore provides a clinically relevant reason, beyond merely that of enhanced reproducibility, to promote the development of quantitative and verifiable methods that can be used easily in clinical practice.30
